this paper we introduce the concepts and methods of "individual-oriented" modelling in ecology, in particular the approach which is sometimes called "artificial world" modelling. After contrasting this approach with more conventional modelling approaches we discuss its advantages, describe some tools developed to facilitate this type of modelling and show some examples of ecological research using it.
INTRODUCTION
The state variables most often used in ecology are population numbers or densities and/or amounts or concentrations of chemicals; and the ecosystem is described in terms of changes thereof in time and/or space. This is true for both experimental and theoretical work. This is so because:
( This invites the use of lumped state variables because the set of individuals or molecules is not fixed in ecological time.
In contrast, individual-oriented models take as basic units individuals, and the system is primarily described in terms of the information processing of the individuals [l-8] . An obvious disadvantage of an individual-oriented approach is that there are many individuals in an ecosystem. We think, however, that the advantages of individual-oriented modelling, now that the handling of many variables has become feasible through present-day computer technology (or that of the near future), far outweigh the disadvantages.
Indeed when physicists do not shy back from the studying, for example, turbulence in terms of individual molecules [9] , and astronomers take single stars as units for the modelling of colliding and merging galaxies [lo] , there is no excuse for ecologists to avoid individual-oriented models. Moreover, because the individuals of ecology are more "individualized" (i.e. are more diverse and history-dependent), the impact for ecological theory may even be larger than is the case in physics and astronomy.
In this paper we discuss the advantages of individual-oriented modelling, review methods for individual-oriented models and describe some examples of individual-oriented models in ecology. Huston et al. [8] recently also reviewed individual-oriented modelling in ecology; their paper is recommended additional reading.
ADVANTAGES OF INDIVIDUAL-ORIENTED MODELS

Information Processing
By concentrating on the local information processing of individuals, no interactions which are beyond the scope of the organisms studied are introduced into the model. In lumped models one is often tempted to include the model interactions which implicitly assume that individuals possess more (global) knowledge than they can reasonably have. This is because only global variables are present in the model, and because such global knowledge permits simpler interactions at the lumped level. In contrast, individual-oriented models exploit the fact that simple information processing at an individual level often gives rise to fascinating and complex behaviour at the macro level.
Individual-oriented modelling shares its emphasis on local information processing with another relatively new approach to ecological modelling--cellular automaton models. Cellular automata s.s., however, define a fixed tesselation (grid) of information processing units (automata), and therefore most naturally represent spatial units, instead of individuals.
The presence of individuals can of course be represented in terms of the state of a spatial unit, but doing so often complicates the model unnecessarily (see Ref. [7] for a further discussion). It should be mentioned however that (some) individual-oriented models are sometimes equated with cellular automaton models [e.g. 1 I].
Parameter Choice
In conventional modelling parameters are considered to be of secondary importance in the sense that one studies the properties of the structure of the model, irrespective of an a priori choice of parameter values (the results, of course, may show a partitioning of the parameter space leading to different types of behaviour).
This seems at odds with experimental possibilities: some types of "parameters" are relatively easy to measure (and/or are subject to obvious constraints), whereas the global interactions are seldomly directly measurable. Thus, it might be more profitable to study classes of model structures with similar parameters, instead of classes of parameters within one model structure, i.e. to take a multimode1 fixed-parameter approach . The relative ease of measurement of parameters is true in particular for individual-oriented models, because individuals are basic units of observation, and parameters (like speed of movement, amount eaten per day, number of offspring etc.) can be obtained irrespective of model structure, whereas in lumped models many parameters may be only obtainable from fitting the model to the same (type of) data as the model tries to represent.
Multilevel Models
In individual-oriented models one usually studies primarily properties of the model/system which are not included in the basic model formulation.
For example, population level, community level and/or ecosystem level properties are studied in individual-oriented models. This is possible because, in contrast to classical ecological models, no level-dependent averages are employed in the model formulation.
Thus, whereas in population-oriented models one determines beforehand which individuals comprise a population, and defines the population behaviour as an average of them, individual-oriented models may generate several "populations" (defined in the classical way as a group of individuals which are connected in time and space) and show the (differences in) behaviour of the populations.
Such a multilevel approach to modelling achieves an integration of formerly separate disciplines and renders obsolete discussions about the "correct" level of description of ecosystems (for a further discussion see Ref.
[S]).
Robustness
Models of turbulence phenomena formulated in terms of bumping molecules have shown that the macroscopical phenomena are extremely robust to changes in the particular way in which molecules bump [9] . This contrasts strongly with the extreme sensitivity of discretization in time and space of partial differential equation models of turbulence phenomena.
A similar robustness seems to appear in individual-oriented ecological models. Thus, in contrast to a priori expectation, individual-oriented models do not need extreme precision in order to model macroscopic patterns faithfully, whereas macroscopic models do need the precision.
Self-structuring
Individual-oriented models are "variable structure" models: who interacts with whom is not a priori given (although the potential for interaction is), but is the result of other interactions. Thus, an important observable of the model is who, in fact, influences whom. In this respect individual-oriented models differ profoundly from more conventional approaches (including cellular automata):
indeed one might say that the concept model itself refers to some fixed interaction structure.
In fact, lumping of variables is often done in order to conform with this tradition.
We think, however, that fixing the interaction structure often "begs the question" in ecological, ethological and evolutionary research, which should aim at representing the processes 
Non -goal -disected Models
Individual-oriented mdoels can be "non-goal-oriented models", i.e. one does not have to determine in advance what features will be studied, or are likely to be interesting: specialized entities within the modelling system may detect interesting observables. This is stated as a primarily methodological point. One should however also consider that such a "non-goal-directed" observation, seems important in (evolving) ecosystems (for a further discussion see Refs [17, 181 The long lifespan, and age/size specific interactions of trees strongly invite an individual-oriented approach.
The models do not consider horizontal spatial structure, confining the study to an area dominated by one fully grown tree. Competition is governed by the vertical structure of all trees in the area. The model is strongly based on empirical relations between longevity and growth rate coupled to easily observed features like "diameter of the tree at (human) breast height". It is widely used for modelling very different forests (both tropical and temperate) and seems to give food agreement with data (if given the site-specific properties). Moreover, it is used to study general properties of forest succession. The models can be extended to include spatial structure [e.g. 291 and can be used to generate parameters for population-based models [29] . l RAM [31, 321. The name RAM is foreshortened for the coinage "progranimals", referring to the fact that each animal takes the form of a (LISP) program (as is also the case in, for example, MIRROR models). The code of this program is identical for all animals of a species, the individuals do, however, differ with respect to parameters, location and interaction partners. The system is employed in "real life" ecological problems (e.g. mosquito control) as well as "toy" evolutionary problems; but the authors stress that it has not been used to its full potential as yet (this is probably true for all systems described in this section).
l PETWORLD [33] and BRAINWORKS and AGAR [34] . All three are designed to simulate animal behaviour and its consequences; they are developed in the VIVARIUM project at MIT, are partly intended as educational tools for use in schools, and are strongly based on AI. The different systems implement different forms of knowledge representation:
(1) as a fixed hierarchy of experts (PETWORLD), because of a recent history mechanism PETS can undertake complex long-term actions; (2) as neural nets connecting sensors and effecters (neural nets are drawn by the user at one part of the screen, the animals behaviour happens at the other part) (BRAINWORKS); and (3) as agents, as described in Minsky's [35] "society of mind theory" (and somewhat like the DWELLERS in the SKINSPACES of MIRROR) (AGAR). These systems are not used as yet for use in ecology and the "toy" universe they implement are primarily used to demonstrate AI ideas. They do, however, have a potential for ecological modelling.
EXAMPLES OF INDIVIDUAL-ORIENTED MODELS IN ECOLOGY
Ecological Regulation by Within-population Diflerentiation
Classical population level models take as units populations, and thereby assume withinpopulation homogeneity or at least a stable population composition. This is clearly not appropriate in most cases, and is therefore often amended by studying, for example, age-structured, sizestructured or physiologically-structured populations [e.g. 36, 371. A more straightforward approach seems to be to resort to individual-oriented models, in which no a priori decisions have to be made about the subclasses to be distinguished in the model. Moreover, individual-oriented models are pie-eminently suited to study in what circumstances within-population differentiation is, or is not, generated.
Size diferentiation by intraspec$c competition
In a variety of organisms (plants, birds, fish) size differentiation within a population occurs by a positive feedback between size and competitive power. Initial variation can be small, and arises either due to spatial environmental variation, due to chance or due to interactions. Such a differentiation in, for example, two very different size classes can greatly affect the interactions of the population with the rest of the ecosystem. Conversely, environmental conditions (e.g. the presence of food etc.) influence the extent to which the size differentiation occurs. Individualoriented models to study these processes have been reviewed recently by Huston and DeAngelis
1381.
Regulation by social interaction
Ecology mostly studies interactions between populations.
Nevertheless it is at least as important to study how organisms avoid interactions, and diminish their dependence on the environment. (Compare the fact that large systems of self-replicating entities tend to be unstable when there are many and strong interactions [39, 40] .) Within-population differentiation by social interactions, and the resulting behaviour patterns, is one way in which a group of organisms may isolate themselves from (some of) the hazards of ecosystem interactions. We have shown that social interactions in a bumblebee colony can give rise to a stable differentiation of initially identical individuals and to interesting self-regulating behaviour, which renders the colony relatively independent of the environment as well as of the colony composition [2, 3, 16, 171 . In particular, we showed that:
(1) A stable differentiation into an "elite" and a "common worker" group, with a differential behavioural repertoire and differential interactions with each other arises during colony development. Dependent on (environmental) circumstances (as implemented through the parameters of the model) this differentiation is more or less pronounced, and a varying number of workers is assigned to each group. This flexibility of the differentiation "buffers" the colony against environmental fluctuations and therefore gives rise to self-regulation (see below). (2) Compensatory feeding. Pendrel and Plowright [41] described that in live bumblebee nests the workers allocated more time and effort to feeding larvae after removal of part of the worker force. They explained this observation by assuming that the workers inspected the food available to the larvae before feeding them.
Our MIRROR bumblebee world showed a similar regulation without inspection: the absence of part of the worker force resulted in less worker/worker interactions and therefore more feeding. For certain nest compositions the amount of compensatory feeding even agreed with their data! Thus, the amount of food intake and the growth rate of the nest is buffered against changes in population numbers, without assuming any special mechanism for it. This contrasts strongly with most macrolevel models in which the growth rate of a population and the amount of food consumed are always dependent on population numbers "everything else being equal". (3) Socially regulated clock. A switch from worker to generative offspring at the end of the season is energetically optimal [42] . However, it is crucial that it should be timed adequately: if the beginning of raising generative offspring is delayed it will not come off the "production line" in time. The switch is associated with a worker rebellion resulting in killing of the queen and egglaying by the workers. Our MIRROR bumblebee world showed that an adequate regulation of the timing could be obtained from dominance interactions resulting in the formation of an elite and a common worker group. The timing of the worker rebellion was largely independent of the number of workers except when the number of workers was too small; in that case the switch occurred earlier, both in the MIRROR world and in live nests; indeed the ergonomic optimality criterion does not apply in that context. Thus, a bumblebee colony can clock itself without environmental clues, and at the same time the environmental influences which do affect it do not disturb the clock, except when they obviate the usefulness of the clock.
Aggregation, Regulation and Outbreaks
The spatial homogeneity assumption underlying population level models is clearly wrong. Even when homogeneous initial conditions are assumed, random processes will inevitably introduce heterogeneity, which may be evened out by local interactions, but is, in fact, very often subsequently increased by them. Many species indeed show active mechanisms to increase aggregation of conspecifics (flocking, schooling, limited dispersal in plants etc.), and thereby introduce spatial heterogeneity. Individual-oriented models are pre-eminently suited for studying both the minimal informatic conditions which lead to specific aggregation patterns, and the impact of such aggregation on the ecosystem.
Aggregation and species co -occurrence
Classical population-level competition models have shown that only if intraspecific competition is larger than interspecific competition is a stable equilibrium feasible. In homogeneous population models this requires a niche differentiation between the species; in local models aggregation of conspecifics will cause such increased intraspecific competition automatically. Indeed many local models have shown a prolonged co-occurrence of species by a variety of mechanisms [2, [43] [44] [45] [46] [47] . This is indeed to be expected if for no other reason than a spreading of risk (local extinctions instead of global population crashes).
Aggregation and individual Jitness
Increased intraspecific competition seems, however, an incentive for individuals to avoid aggregation, if not enforced by, for example, predation risk. Thompson et al. 1481 studied the effect of flocking on food intake in an interesting individual-oriented model. They implemented known low-level intraspecific interactions of birds such as mimicry in food-seeking behaviour, approach to a minimum distance while searching for food and following in flight when enough birds join the flight, while the willingness to follow depends on feeding success. They expected these mechanisms together would show an advantage of flocking in the sense of increased average food intake because of increased search efficiency (as suggested previously by other authors). It did not, but it did decrease the risk of prolonged periods without food. In retrospect this seems indeed at least as important for the small birds studied. This study shows nicely the power of individualoriented models to generate new interesting observables. Aggregation can, of course, also occur as a (disadvantageous) side effect of behaviour necessary for survival. For example, aggregation of males occurs in male insects apparently as a side effect of the fact that males approach any form which resembles a female. Therefore, males approach each other mutually, whereas females do not adjust their moving direction in response to males. The resulting male aggregates are therefore not formed preferentially near females and reduce the change of males meeting females. Nevertheless, they cannot stop approaching female-like objects if reproduction is to occur. Individual-oriented models have shown that such a scenario indeed forms male aggregations and conforms with those found in certain butterflies [49] . At present we are studying movement patterns in chimpanzees and orang-utans. Preliminary results suggest that even in these highly developed animals a similar mechanism plays a role in the occurrence and composition of social groupings [50] .
Aggregation and outbreaks
Aggregation is by no means always a stabilizing factor in ecosystems. In particular, if predators with large locomotory capabilities feed on relatively sessile prey, which mainly regrows locally, aggregation of these predators can cause rapid depletion of the prey at densities below the "carrying capacity" if no aggregation occurs. Moreover, aggregation is bound to occur at relatively large predation densities and/or relatively low prey densities because these factors increase the movement of the predators.
These two properties of aggregation form a positive feedback loop such that relatively small population fluctuations cause a switch from a stable system, in which the predator seems rare and cryptic, to a system in which it is extremely overabundant and devastates large areas, making them uninhabitable both for their own offspring and for many other species. This phenomenon was studied by us in relation to Acanthaster plancii outbreaks, which devastate coral reefs [51] . It is a very large-scale phenomenon affecting areas as big as the entire Great Barrier Reef. Yet an individual-oriented model, operating at the scale of 1 cm* with respect to coral cover, and of individuals with respect to the starfish, proved to be the appropriate scale to study this phenomenon.
CONCLUSIONS
Ecosystems are heterogeneous spatiotemporal systems par excellence. Ecology should therefore study the processes which generate, maintain and dissolve spatiotemporal patterns. The homogeneity assumption inherent in population level models make them inappropriate for studying these processes. Individual-oriented models are by contrast inherently local and are therefore the appropriate level to study ecosystems, notwithstanding the fact that the number of individuals is large, and that we therefore need very powerful modelling systems to exploit the potential of individual-oriented models.
